Active cobalt alloy cathodes for hydrogen evolution in 8 kmolÁm À3 NaOH at 90 C was tailored by electrodeposition. Enhancement of cathodic activity of Co-Ni alloys was carried out by the formation of Co-Ni-Fe-C alloys. The addition of both iron and carbon was effective in enhancing the electrolytic hydrogen evolution activity, and the carbon addition was further effective in preventing preferential dissolution of iron and cobalt, that is, dealloying corrosion during shutdown period in the hot concentrated alkaline solution. The fcc Co-Ni-Fe-C alloys with about 15 at% iron showed the best performance with high hydrogen evolution activity and durability without dealloying corrosion. The alloys with high iron contents forming the bcc structure and showing sufficiently high activity without carbon addition suffered readily dealloying corrosion, and complete prevention of dealloying of the high iron alloys was not achieved by carbon addition.
Introduction
Highly active and durable cathodes for hydrogen production in seawater electrolysis have been always in demand. Enhancement of cathodic activity of nickel and cobalt for electrolytic hydrogen evolution has been carried out by the formation of alloys such as Ni-S, 1) Raney Ni, 2) Ni-Mo, [3] [4] [5] [6] [7] [8] Raney Ni-RuO, 2, 9) Ni-Sn, 10) Ni-Mo-O, 11, 12) Ni-Fe-C, 13, 14) CoMo 15) and Co-Fe. 16) Among them, electrodeposited Ni-Fe-C alloys have the highest activity for hydrogen evolution in hot alkaline solutions and excellent durability: The overpotential for hydrogen evolution at the current density of 1000 Am À2 in 8 kmolÁm À3 NaOH at 90 C was less than 100 mV. On the other hand, dealloying corrosion due to preferential dissolution of molybdenum and iron in the form of oxyanions from Ni-Mo, Co-Mo, Ni-Fe and Co-Fe alloys occurred in hot alkaline solutions during open circuit immersion, that corresponds to the shutdown period of electrolysis. The carbon addition to form Ni-Fe-C alloys 13, 14) was originally performed for prevention of dealloying corrosion, and resulted in remarkable enhancement of the activity for hydrogen evolution in addition to prevention of iron dissolution during open circuit immersion in the hot alkaline solution. The addition of carbon to electrodeposited Co-Mo alloys enhanced the hydrogen evolution activity and slowed down dissolution of molybdenum during open circuit immersion, although complete prevention of dissolution of molybdenum was not attained. The carbon addition to the Co-Fe alloys with nanocrystalline bcc phase slowed down preferential iron dissolution by open circuit corrosion in the hot alkaline solution but was not effective for complete prevention of the open circuit corrosion and for enhancement of the hydrogen evolution.
The preferential dissolution of iron from the Co-Fe alloys led to transformation from the bcc structure to the fcc structure, and the presence of the two phase mixture seemed to be detrimental because of acceleration of dealloying dissolution of iron by galvanic action. Thus iron-containing fcc alloys will be better than bcc alloys to obtain highly active and durable cathodes. A solution is to add nickel to Co-Fe alloys. The present work aims to obtain Co-Ni-Fe-C alloys by electrodeposition having high cathodic activity and durability for hydrogen evolution in 8 kmolÁm À3 NaOH at 90 C. Particular attention was paid to the effect of iron and carbon additions in enhancing the activity and durability for hydrogen evolution in the hot alkaline solution.
Experimental Procedures
The basic electrolyte used for electrodeposition was an aqueous solution consisting of 1 lysine was added to the electrodeposition solution as the carbon source. The pH of the electrodeposition solution was adjusted to 1.5 by addition of concentrated H 2 SO 4 .
The substrate for electrodeposition was cobalt metal of 10 mm Â 10 mm Â 0:1 mm, at a corner of which cobalt wire of 1 mm diameter was spot-welded for power supply. The dimension of the cell used for electrodeposition was 25 mm wide, 92 mm long and 30 mm high. Two cobalt metal anodes of 1 mm thickness were placed vertically at both ends of the cell, facing each other with distance of about 90 mm. The surface of the anodes facing to the inside of the cell was covered with a 0.2 mm-thick acrylic resin sheet with a hole of 1 cm 2 . The substrate was placed vertically in the center of the cell and parallel to the acrylic resin-covered anodes. The substrates were chemically etched in the 1:1 mixture of concentrated H 2 SO 4 and HNO 3 for 30 s. According to preliminary experiments, stir of the deposition electrolyte did not affect definitely the composition and hydrogen evolution performance of the deposits because of spontaneous agitation by violent hydrogen evolution during electrodeposition, and hence electrodeposition was carried out under a stagnant condition at 25 C and a current density of 50 Am À2 for 3 hours. The composition of metallic elements in the electrodes thus prepared was determined by electron probe microanalysis (EPMA) and carbon was chemically analyzed by combustion infrared absorption method. For carbon analysis thick alloys were prepared on mechanically polished substrate by deposition for 24 hours. The deposits were peeled off from the substrates and used for carbon analysis. The structure of the electrodes was identified by X-ray diffraction using Cu K radiation. The grain size of the deposits was estimated from the full width at half maximum of the most intense diffraction line by Scherrer's equation. 17) The hydrogen evolution activity of the electrodes was examined in 8 kmolÁm À3 NaOH solution at 90 C by galvanostatic polarization. A cell of acrylic resin with the specimen electrode, a platinum counter electrode and an external Hg/HgO/1 kmolÁm À3 NaOH reference electrode having a reversible potential of 0.950 V for the hydrogen electrode reaction were used. The ohmic drop was corrected using a current interruption method.
Results and Discussion
The activity of cobalt, nickel and Co-Ni alloys for hydrogen evolution was similar to each other showing no change in the Tafel slope from about 145 mV/decade, corresponding to 2RT/F, where R is the gas constant, T is the absolute temperature and F is the Faraday's constant. The addition of iron enhanced significantly the activity for hydrogen evolution. Figure 1 shows galvanostatic polarization curves of Co-Ni-Fe alloys with different iron contents measured in 8 kmolÁm À3 NaOH at 90 C. The alloys were prepared by electrodeposition in solutions containing 1.07 kmolÁm À3 NiSO 4 , 0.107 kmolÁm À3 CoSO 4 and 0-0.180 kmolÁm À3 FeSO 4 . Although the small addition of iron is not effective, the addition of iron exceeding 40 at% significantly increases the activity for hydrogen evolution. The alloys with more than 52 at% iron show the remarkably high activity for hydrogen evolution, and their Tafel slope is about 36 mV/decade corresponding to RT/2F. Under the assumption that the hydrogen coverage is nearly 0 and that the transfer coefficient is 1/2, the change in the Tafel slope from about 145 mV/decade to about 36 mV/decade indicates the change in the rate-determining step of hydrogen evolution from the proton discharge on the alloys with low iron contents to recombination of adsorbed hydrogen on the alloys with iron contents over 52 at%. In other words, because the rate of the proton discharge is remarkably accelerated by the iron addition to Co-Ni alloys, the recombination of discharged hydrogen atoms becomes the slowest step.
As shown in Fig. 2 the addition of iron to Co-Ni alloys results in the change from the fcc structure to the bcc structure. The increase in iron content results in grain refining of the fcc structure up to Co-23.0Ni-39.5Fe alloy and the Co-20.2Ni-47.1Fe alloy consists of a fine grained bcc structure. The bcc structure is well developed in the alloys containing more than 52 at% iron. It can, therefore, be said that the bcc alloys with high concentration of iron show very high activity for hydrogen evolution.
It is, however, regrettable that, after the high iron alloy with high activity for hydrogen evolution was kept in 8 kmolÁm À3 NaOH at 90 C under the open circuit condition for 50 days, the galvanostatic polarization curve for hydrogen Electrodeposited Co-Ni-Fe-C Alloys for Hydrogen Evolution in a Hot 8 kmolÁm À3 NaOHevolution became the same as that of Co-42.0Ni alloy without iron as shown in Fig. 3 . EPMA showed that after immersion of 26.3Co-16.3Ni-57.4Fe alloy in 8 kmolÁm
À3
NaOH at 90 C for 50 days the composition was 19.9Co-39.7Ni-40.4Fe. This is due to so-called dealloying corrosion, that is, preferential dissolution of iron and cobalt from the alloy in the form of HFeO 2 À and HCoO 2 À during immersion in 8 kmolÁm À3 NaOH at 90 C for 50 days. In fact, X-ray diffraction revealed transformation from the bcc structure to the fcc structure after immersion in 8 kmolÁm À3 NaOH at 90 C for 50 days. Hydrogen evolution occurs on the top most surface of the alloy where the iron content will be much lower than the average composition determined by EPMA. Thus the activity for hydrogen evolution after immersion for 50 days was almost the same as that of the alloy without iron.
Since the addition of carbon to Ni-Fe alloys was effective to prevent dealloying dissolution of iron, 13, 14) an attempt was made to add carbon to the Co-Ni-Fe alloy. Figure 4 shows galvanostatic polarization curves of Co-Ni-Fe-C alloys electrodeposited in 1.07 kmolÁm À3 NiSO 4 , 0.107 kmolÁm
CoSO 4 , 0.180 kmolÁm À3 FeSO 4 solutions with different concentrations of lysine as the carbon source. The addition of carbon further enhances the activity for hydrogen evolution. This can clearly be seen from the shift of polarization curves to the lower overpotential. This is due to an increase in the exchange current density although the Tafel slope is unchanged because the recombination of discharged hydrogen atoms is the final step for hydrogen evolution. Figure 5 shows the change in galvanostatic polarization curves of Co-23.6Ni-43.3Fe-4.3C alloy after immersion for different time periods in 8 kmolÁm À3 NaOH at 90 C. The immersion results in an increase in overpotential for hydrogen evolution. After immersion for 50 days the overpotential increases about 20 mV, although this increase is significantly smaller than that shown in Fig. 3 for Co-Ni-Fe alloys without carbon. Table 1 shows the EPMA results for the specimens before and after immersion for 50 days in 8 kmolÁm À3 NaOH at 90 C. The carbon analysis could be carried out by the combustion infrared absorption method using thick and large specimens removed mechanically from the substrate and hence was performed only for the specimens before immersion. Even if lysine was not added, because of the presence of sodium dodecyl sulfate in the deposition electrolyte, the alloy contained about 0.1 at% carbon. In spite of no great decrease in the activity for hydrogen evolution, iron and cobalt contents are largely lowered by immersion for 50 days in 8 kmolÁm À3 NaOH at 90 C. Figure 6 shows X-ray diffraction patterns of the specimens before and after immersion for 50 days in 8 kmolÁm À3 NaOH at 90 C. The alloy deposited in the solution without lysine showed the bcc structure. When carbon is added only one broad reflection corresponding to bcc 110 is observed, suggesting grain refinement by the carbon addition. After immersion for 50 days, all specimens are transformed to the fcc structure due to loss of bcc phase former, iron. The lattice constant of resultant fcc alloys, that is, a ¼ 0:3548 AE 0:0008 nm is larger than that of the Ni-4.3C alloy, a ¼ 0:3523 AE 0:0005 nm, because iron and cobalt remain in the fcc alloys. The Ni-4.3C alloy 13, 14) did not show such a high activity for hydrogen evolution that Co-Ni-Fe-C alloys showed after immersion for 50 days.
From these results we can summarize that the higher activity of carbon containing alloys after immersion for 50 days in comparison with Co-Ni-Fe alloys without carbon is attributable to the presence of both carbon and iron. Although the activity decrease is not significant for the Co-23.6Ni-43.3Fe-4.3C alloy after immersion in 8 kmolÁm À3 NaOH at 90 C, considerable amounts of iron and cobalt are dissolved during immersion for 50 days in 8 kmolÁm À3 NaOH at 90 C. The considerable iron dissolution is mostly due to the presence of the high concentration of iron that is readily dissolved in the hot concentrated alkaline solution in the form of HFeO 2 À . Furthermore, the iron dissolution from the bcc alloys inevitably leads to transformation to the fcc structure. This should occur by the reconstruction to the fcc phase with the clear difference in the iron content from the bcc phase. In other words the iron contents in the adjacent fcc and bcc phases are not gradually changed with the concentration gradient but are clearly different between two phases. The presence of two phases with the clear difference in the iron content may be partly responsible for rapid dissolution of iron from the bcc phase due to galvanic action between two phases.
It is, therefore, desirable to use the fcc phase alloys with low iron contents having high activity for hydrogen evolution. As shown in Fig. 1 the activity of low iron alloy such as Co-27.7Ni-26.4Fe alloy is not sufficiently high. However, Fig. 4 clearly reveals that the carbon addition enhances the activity for hydrogen evolution. Accordingly, the enhancement of the activity of low iron alloys was performed by the addition of carbon. Figure 7 shows the effect of carbon addition to Co-Ni-Fe alloys with about 20 at% iron on galvanostatic polarization curves. The addition of carbon is really effective in enhancing the activity for hydrogen evolution, and the alloys containing 1.7 at% or more carbon show the sufficiently high activity for hydrogen evolution, changing the Tafel slope to about 36 mV/decade from about 145 mV/decade for Co-27.7Ni-26.4Fe alloy without carbon. Figure 8 shows galvanostatic polarization curves of Co-38.5Ni-13.5Fe-3.4C alloy electrode after immersion for different days in 8 kmolÁm À3 NaOH at 90 C. Although data obtained after immersion for different days do not coincide with each other, the data obtained after immersion for 50 days could not be distinguished from those of as prepared electrode. This fact indicates no degradation of the electrode after immersion for 50 days in the hot alkaline solution. Table 2 shows analytical results of the compositions of alloys before and after immersion for 50 days. Although the carbon content could not be analyzed after immersion, the open circuit immersion for 50 days in the hot concentrated alkaline solution did not give rise to detectable decrease in iron and cobalt contents. Figure 9 shows X-ray diffraction patterns before and after immersion in 8 kmolÁm À3 NaOH at 90 C for 50 days. The alloys are identified mostly as the fcc structure. The lattice constant of the fcc phase before immersion was 0:3556 AE 0:0009 nm and was unchanged by immersion for 50 days.
The extra reflection at about 42 degree has been assumed to be the Fe 2 C type phase for Ni-Fe-C alloys. 13, 14) Although this reflection decreases after immersion for 50 days because of dissolution of the high iron content phase, no change in the lattice constant of the fcc phase before and after immersion suggests no change in the iron and cobalt contents of the fcc phase before and after immersion.
Consequently, the carbon addition with small addition of iron is definitely effective in enhancing the activity and durability of the electrode for hydrogen evolution. Although the carbon content was not high, XPS revealed that the binding energies of the Ni 2p 3=2 and Fe 2p 3=2 electrons in NiFe-C alloys definitely changed by the carbon addition. 13, 14) The beneficial effect of the carbon addition leading to the change in the rate-determining step from proton discharge to recombination of discharged hydrogen atoms has been interpreted in terms of enhancement of charge transfer from nickel atom to iron atom in the alloys by the carbon addition with a consequent enhancement of electron transfer to proton. 13, 14) The presence of bonding between metal and carbon atoms inducing such an electronic interaction in the whole alloy surface detected by XPS may be responsible for stabilization of alloys against dealloying corrosion.
Conclusions
In preparation of Co-Ni-Fe-C alloy cathodes by electrodeposition for hydrogen production in electrolysis of 8 kmolÁm À3 NaOH at 90 C the following conclusions were drawn.
The Co-Ni-Fe-C alloy cathodes with the best performance were obtained by electrodeposition in 1.07 kmolÁm À3 NiSO 4 , 0.107 kmolÁm À3 CoSO 4 , 0.036 kmolÁm À3 FeSO 4 solutions containing 0.005-0.125 kmolÁm À3 lysine. The alloys were composed mostly of a nanocrystalline fcc phase and showed high hydrogen evolution activity. For these alloys proton discharge was so fast that the rate-determining step seemed to be desorption of hydrogen from the surface of the electrode by recombination of two discharged hydrogen atoms adsorbed on the electrode surface.
The durability for hydrogen evolution of bcc Co-Ni-Fe and Co-Ni-Fe-C alloys deposited from the electrolytes with high concentrations of iron was insufficient because of preferential dissolution of iron and cobalt, that is, dealloying corrosion during open circuit immersion in the hot alkaline solution. Dissolution of iron from the alloy surface led to reconstruction from the bcc structure to the fcc structure, and to the formation of heterogeneous two phase mixture which seemed to enhance dealloying corrosion by galvanic action.
Although the fcc Co-Ni-Fe alloys deposited from the electrolytes with low concentrations of iron showed poor activity for hydrogen evolution, the carbon addition to the fcc Co-Ni-Fe alloys was effective in enhancing sufficiently the hydrogen evolution and in preventing preferential dissolution of iron and cobalt during open circuit immersion in the hot alkaline solution. 
